INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are common organic pollutants in air, soil and water. They consist of two or more fused benzene rings containing only carbon and hydrogen. PAHs are released into atmosphere through forest fires, volcanic eruptions and through vehicle exhausts. Soil and water are contaminated by PAHs through oil spills, produced water discharge, urban runoff, domestic and industrial wastewater discharges. PAHs are among the group of compounds defined as persistent organic pollutants. Discovery of the carcinogenic properties of benzo(α)pyrene in the 1930s first stimulated interest in PAH chemistry. Since then many PAHs have been identified as potent carcinogens and mutagens, and the United States Environmental Protection Agency (USEPA) has designated 16 PAHs as priority pollutants [1] . These PAHs, considered as a group, have been identified as being of greatest concern with regard to potential exposure and adverse health effects on humans [2] . Characteristics of 16 priority PAHs are given in Table 1 .
Several technologies have been developed to treat PAH contaminated soils and sludge [5] [6] [7] . Very few studies have reported the treatment of PAHs contaminated water. Biological treatment using bacteria, fungi and algae have been applied to degrade a range of low molecular weight PAHs, such as naphthalene, fluorene and phenanthrene; however, their activity towards high molecular weight PAHs containing five or more fused benzene rings, such as Benzo(a)pyrene and Benzo(ghi)perylene, is limited [8] .
Electrochemical treatment of wastewater has attracted wide attention as one of the environmentally-friendly technologies [9, 10] . The active coating materials of electrodes are very important for pollutants degradation in electrochemical oxidation process. Some researchers showed that coated titanium anode plates exhibited good effect on electrochemical oxidation and wastewater treatment [11] .
Iridium dioxide (IrO 2 ) belongs to the family of transition-metal dioxides found in its rutile structure at ambient pressure with a metallic behavior [12] . It shows high chemical and thermal stability [13] . IrO 2 based dimensionally stable anodes (DSA) are known to be good electro-catalysts; they present excellent electrocatalytic properties and good stability in strong acid solution for chlorine and oxygen evolution [14] [15] [16] [17] . They can generate hydroxyl radicals and active chlorine species to destroy refractory organic wastes into carbon dioxide [18, 19] .
Coating of IrO 2 on titanium surface could enhance the stability and prolong the life of electrodes [20] [21] [22] [23] . Due to its stability and longer life time, IrO 2 electrode has attracted a lot of attention in commercial application of Dimensionally Stable Anodes (DSAs) [24] .Due to the presence of an IrO 2 interlayer increase in service [27] . In order to achieve better application of electrochemical oxidation process, IrO 2 was coated on titanium plate and used as anode for PAHs degradation. In this study, electrocatalytic activity of Ti/IrO 2 material for PAHs degradation in water was investigated.
MATERIALS AND METHODS

Anode coating
Pretreated titanium plates were coated with IrO 2 by thermal decomposition method [28] . Precursor solutions were prepared from the following analytical grade reagents: citric acid (CA), ethyleneglycol (EG), and iridium chloride IrCl 3 .xH 2 O in ratio of CA: EG: IrCl 3 .xH 2 O (2ml: 10ml: 0.1 g) were dissolve at 60 °C for 1 hr.
Rectangular Ti plates (8 cm × 1 cm × 0.2 cm) were used as substrate for electrode preparation. The Ti plates were smoothened by 320-grit sandpaper and washed with distilled water. To remove oxides from the surface, the Ti plates were etched in 18 % HCl for 30 min at 80 °C followed by a thorough washing with deionized water. After etching, the Ti plates lost their metallic shine and their color became grey. After pretreatment, the titanium plates were coated with precursor solution at room temperature, dried at 100˚C for 10 min, after 10 applications again heat treated at 450
• C for 10 min. This process was repeated 3 times until the desired oxide loading and finally calcinated at 500 ˚C for 2h.
Electrochemical cell
All experiments were performed under galvanostatic conditions. The electrochemical cell of volume 100mL consisted of IrO 2 coated Ti anode (Ti/ IrO 2 ) and Ti plate cathode connected to a DC power supply. The inter-electrodes distance was 2 cm. Synthetic samples of PAHs were used in all preliminary experiments to study the effect of initial pH (3, 6 and 9) and electrolyte addition. NaCl was used as electrolyte at 1 g/L. Electrolysis time experiments was 4 h and applied current density was 3.33 mA/cm 2 .
Analytical techniques
Surface morphology and Energy Dispersive Analysis of X Rays (EDAX) of coating material was observed by a Variable Pressure Field Emission Scanning Electron Microscopy (VP-FESEM) (Carl Zeiss AG, Germany Model SUPRA 55VP). X-Ray Diffraction pattern (XRD) (Bruker D8 Advance Diffractometer) was used for the crystalline structure identification of coated surface, analysis were performed at 2θ angles from 2° to 80°, with a scan speed of 4° min −1 . PAHs were extracted by Liquid-Liquid Extraction Method [29, 30] . Dichloromethane DCM was used as solvent for the extraction of PAHs from water samples. Quantification of the 16 priority PAHs was performed using Gas Chromatography Mass Spectroscopy (Agilent Model GC-MS 5975C). DB 5MS column was used with dimensions of (30 m × 0.25 mm id × 0.25 µm). The column temperature was programmed from 60 to 175 °C at 6 °C/min, then increased at 3 °C/min until 240 °C and finally held at 300 °C for 7 min. Injector and transfer line temperatures were 280 and 300 °C, respectively. Data acquisition was carried out in the selected ion monitoring (SIM) mode. The PAHs standard solution was obtained from Accu-Standard and contained each of the 16 priority PAHs at concentrations of 2 mg/ml in dichloromethane/benzene. All the 16 PAHs were separately quantified using a five-point calibration of mixed standard solutions. Fig. 1 (a) and 1(b) show the FESEM microstructure of Ti/IrO 2 electrode at low and high magnifications respectively. In Fig. 1(a) , surface morphology of the thin film does not exhibit the cracked mud structure; it appeared to have a rough flat surface. Otogawa et al [31] found both flat and crack mud structures for IrO 2 coating. For oxygen evolution reaction both structures were found to exhibit good catalytic activity and dimensional stability [32] . In Fig. 1(b) , nano-scale granular crystalline IrO 2 particles of size 44.3-165.1 nm are distributed on titanium surface. In Fig. 2 , EDAX spectrum confirmed the presence of oxygen and iridium with weight % of 30.8 and 25.5 respectively. Fairly narrow and strong XRD diffraction peaks at angles of 28.11°, 35.00° and 40.19° suggested tetragonal crystalline IrO 2 shown in Fig. 3 . Structure of coated surface depends upon concentration of coating material in precursor solution and temperatures of drying and calcination. In this study, precursor solution was easily dried at 100°C. Cracked mud structure is usually found when concentration of coated material is high or high temperature is used for drying. In case of Ti/Sb-SnO 2 , it was assumed that cracked mud or porous surface can help in adsorption of OH radicals and organic matters [33] . However, researchers are focusing on the active coating materials for electrochemical degradation of organic pollutants in wastewater. The active coating enables the electrical charge transport between the base metal and the electrode/electrolyte interface. It must have high chemical and electrochemical stability and able to catalyze the desired electrochemical reaction. Comninellis and Vercesil [34] reported that IrO 2 used as doping material increased service life of anode. Comninellis [35] also proposed that mechanism of electrochemical oxidation of organic pollutant on IrO 2 anode was electrochemical selective oxidation while that on Ti/SnO 2 anode was electrochemical combustion. Table 2 shows concentration of PAHs at initial pH 3, 6 and 9 without and with electrolyte. Initial pH of the solution was adjusted using molar solutions of sulfuric acid and sodium hydroxide. Results showed that naphthalene (2 benzene rings) was efficiently removed in both solutions without and with electrolyte ( Fig. 4 and  5 ). PAHs with 3 and 4 benzene rings were completely degraded in the presence of electrolyte but not without. Fig. 4 shows complete removal of Nap, Acy and Ace at pH3; Nap, Acy, Ace, Flu at pH6 and Nap, Acy, Ace, Flu, Phe, Ant, Fla and Pyr at pH9. Benzo(a)pyrene with 5 benzene rings was also completely removed in presence of electrolyte at initial pH values of 3 and 9. Overall concentrations of 5-6 rings PAHs decreases to trace level. Moreover 80 % of total PAHs were removed at all initial pH 3, 6 and 9 without using electrolyte; it shows the treatment was independent on pH.
RESULTS AND DISCUSSION
Physical Characterization
Effect of pH and Electrolyte
Among all initial pH conditions efficiency of oxidation of PAHs tends to increase at pH 9. Cañizares et al. [36] proposed that the pH does not influence the global oxidation rate even if initial oxidation rate was higher in basic media. Addition of NaCl as electrolyte suppresses the effect of pH on oxidation of PAHs. Up to 97 % total PAHs were removed at all initial pH 3, 6 and 9. This is due to indirect electrochemical oxidation of organic compounds takes place through chlorine/hypochlorite; however, the production rate of chlorine/hypochlorite was not affected by initial pH conditions. Vijayaraghavan et al. [37] reported that during the treatment of textile effluents, under fixed current density, the chlorine production was more or less the same, irrespective of the initial pH values (3.5-8.5). Electrolyte also increased the conductivity of solution and decreased cell voltage from 12 to 6 V.
Reaction mechanism
Mechanism for organic oxidation involves the formation of OH species produced from electrolysis of water (reaction (1)) or the formation of higher oxides produced from electrochemical oxidation of the anode surface (reaction (2)). The higher oxides can also be decomposed into molecular oxygen (reaction (3)) through oxygen evolution reaction (OER) occurs. Some voltammetric studies show that some organic radicals (RO) are generated during electrooxidation of organic material like phenol which often tends to polymerize on electrode surface [38, 39] . These polymers present a low permeability and strongly adhere to the electrode surface, producing an insulating film that inhibits further oxidation of organic compounds.
Following reaction scheme was proposed as the mechanism for oxygen evolution and catalytic activity for organic degradation [38] .
S stands for active sites on the oxide surface, R is organic content and S-(OH) and S-O are two adsorption intermediates or surface active species.
In reaction (5) chloride ion adsorbs and oxidizes on the active site (S) and reacts with either with chloride ion in solution (reaction (6)) or with another adsorbed chloride ion (reaction (7)) and liberates molecular chlorine [40] . The molecular chlorine reacts with OH ions to generate ClO − ion (reaction (8) ) and also react with water molecule to form hypocholorous acid (reaction (7)). These oxidants further help in oxidation of PAHs.
Following reaction scheme was proposed for chlorine evolution and indirect oxidation of organic compounds [40] .
CONCLUSION
Ti/IrO 2 anode shows good electrocatalytic activity for PAHs degradation in both solutions (without and with electrolyte). PAHs containing 2 and 3 benzene rings can easily be oxidized in all the experimental condition tested. FESEM and XRD results support the presences of IrO 2 and its crystalline structure. The present study provides basis for future electrochemical studies on organics degradation at active anodes like Ti/IrO 2 .
S + H 2 O→S-(OH˙
Cl 2 + 2OH˙→ Cl− +ClO
HOCl → H + +OCl − 
